In human immunodeficiency virus (HIV) infection, disease progression is more strongly associated with immune activation than with viral load. During acute infection, the rampant viral replication that occurs in the gut causes severe CD4 + T-cell depletion and results in decreased integrity of the intestinal epithelium [1, 2] . This damaged barrier leads to translocation of microbial products out of the lumen of the gastrointestinal tract into the circulation [3, 4] , and in addition replicating virus can be a source of systemic immune activation observed in chronic HIV disease [5] . Indeed, even preexisting gastrointestinal dysfunction at the time of infection is associated with more rapid simian immunodeficiency virus (SIV) disease progression [6] . Not surprisingly, recent reports also suggest that microbial translocatants accumulate in blood-filtering organs such as the liver [7, 8] , but the immunological consequences for this organ and associated disease pathologies in HIV/SIV infection are poorly understood. The liver plays a significant role in the maintenance of immune responses to immunodeficiency viruses. Large numbers of HIV/SIV-specific CD8 + T cells are found in livers of SIVinfected macaques [9, 10] , and this organ is largely responsible for the clearance of virus from the bloodstream [11] . Although often underappreciated, a major source of morbidity and mortality in HIV patients is liver disease, contributing to approximately 15% of non-AIDS-related deaths, even in highly active antiretroviral therapy (HAART)-treated patients [12] . Tissue fibrosis, steatosis, and nodular regenerative hyperplasia are all found at higher frequencies in HIV patients, as are more advanced conditions such as nonalcoholic fatty liver disease and liver cancer [12] [13] [14] . In addition, coinfection of HIV with hepatitis C virus (HCV) affects 5-7 million people [15] , which decreases viral clearance during acute HCV infection [16, 17] and accelerates the development of hepatocellular carcinoma [18] . Progression of HCV is also exacerbated by microbial translocation, and circulating lipopolysaccharide (LPS) is associated with the development of cirrhosis [19] . Natural killer (NK) cells are found at high frequencies in the liver, some 30%-50% of human hepatic lymphocytes [20] . NK cells also play critical roles in defense against a number of viral infections, including HIV and HCV [21] [22] [23] . Numerous studies have reported that robust NK cytotoxicity, as well as NK cell modulation of adaptive responses, is associated with control of HIV disease. Long-term nonprogressors (LTNPs) have increased NK cell cytotoxicity compared to viremic individuals [24] , whereas an early NK cell response during acute SIV infection is associated with viral control [25] . Furthermore, expression of certain killer-cell immunoglobulin-like receptor (KIR) in concert with their major histocompatibility complex class I ligands is associated with delayed disease progression in HIV infection [26] , and immune pressure exerted by NK cells is evidenced by KIR-associated polymorphisms observed in HIV [27] . Conversely, a subset of macaque inhibitory KIR3DL alleles is associated with higher viral loads in SIV infection [28] . The importance of NK cells for control of HCV infection has also been demonstrated by epidemiologic studies that show that individuals who express a specific subset of inhibitory KIRs in combination with the appropriate human leukocyte antigen (HLA) ligands are more likely to clear HCV infection [29] . Moreover, HCV has evolved a mechanism for evading NK responses by expression of a viral peptide that stabilizes HLA-E expression, thereby inhibiting NK-mediated cytotoxicity through interaction with the inhibitory receptor NKG2A [30] .
NK cells express CXCR6 and can be recruited to the liver via its ligand CXCL16 [31] . Myeloid dendritic cells (mDCs) are one of the main producers of CXCL16 [32] . Therefore, in this study we set out to investigate how microbial translocation during SIV infection affects hepatic mDCs and, in turn, hepatic NK cells. These findings have implications for the liver pathology associated with HIV, especially in instances of coinfection with HCV.
METHODS

Animals and SIV Infections
Animals were housed at the New England Primate Research Center or National Institutes of Health and cared for according to guidelines of the American Association for Accreditation of Laboratory Animal Care, in Association for Assessment and Accreditation of Laboratory Animal Care-accredited facilities, and all animal procedures were performed according to protocols approved by the Institutional Animal Care and Use Committees of the National Institutes of Health (NIH) or Harvard Medical School. Animals were monitored daily by veterinary staff, and those showing signs of significant weight loss, disease, or distress were provided dietary supplementation and medication as necessary. Euthanization with an overdose of barbiturates was carried out in accordance with the guidelines of the American Veterinary Medical Association.
Tissue samples from Indian rhesus macaques were analyzed in this study, including 11 SIV-naive animals and 17 chronically infected with SIVmac239. Animals were infected intravenously. Chronically SIV-infected macaques were infected between 112 and 756 days, with a median duration of 308 days. Chronic viral loads at time of necropsy were between 1.7 and 6.9 log 10 copies of viral RNA/mL, plasma, with a median of 5.3 log 10 copies of viral RNA/mL, plasma, determined as previously described [33] . All animals were free of simian retrovirus type D or simian T-lymphotropic virus type 1.
Tissue Collection and Processing
Peripheral blood mononuclear cells were isolated by density gradient centrifugation of ethylenediaminetetraacetic acidtreated blood over lymphocyte separation media (MP Biomedicals, Solon, Ohio), followed by lysis of red blood cells using a hypotonic ammonium chloride solution. Single-cell suspensions of liver tissue were prepared as described [34] .
Antibodies and Flow Cytometry
Antibodies to the following antigens were used in this study and were obtained from BD Biosciences unless otherwise specified: active-caspase-3-Alexa647 (clone C92-605), CD3-APC-Cy7 (clone SP34.2), CD4-PE (clone L-200), CD8α-Qdot605 (clone T8/7Pt-3F9, NIH Nonhuman Primate Reagent Resource Program), CD8α-APC-Cy7 (clone SK1), CD11c-PE or -APC (clone S-HCL-3), CD14-Alexa700 (clone Tuk4, Invitrogen), CD16-Alexa-700 (clone 3G8), CD20-PerCP-Cy5.5 (clone L27), CD45-FITC (clone D058-1283), CD45-PerCP-Cy5.5 (clone Tu116), CD56-PE-Cy7 (clone NCAM16.2), CXCR6-PE (clone 56811, R&D Systems), NKG2A-PE (clone Z199, Beckman-Coulter), NKG2A-Pacific Blue (clone Z199, in-house custom conjugate, Beckman-Coulter), Ki67-FITC (clone B56), and Perforin-Pacific Blue (in-house custom conjugate, clone Pf-344, Mabtech). Samples were acquired on an LSR II (BD Biosciences, La Jolla, California) and analysis was conducted with FlowJo (version 9.6.4, Tree Star Inc, Ashland, Oregon).
mDC-stimulation Assay
Mononuclear cells were incubated with 1 µg/mL LPS or cultured in Roswell Park Memorial Institute (RPMI) 1640 medium containing 10% fetal bovine serum (FBS) (R10) alone. GolgiPlug (brefeldin A) was included at 6 µg/mL. Samples were incubated for 12 hours at 37°C in 5% CO 2 , then permeabilized using FIX & PERM reagents (Invitrogen) and stained intracellularly with anti-CXCL16 (APC conjugate, clone 256213, R&D Systems).
NK-stimulation Assay
Mononuclear cells were incubated with phorbol myristate acetate (PMA, 50 ng/mL) and ionomycin (1 ug/mL) or cultured in RPMI 1640 medium containing 10% FBS (R10) alone. For all samples, anti-CD107a (PE-Cy5, clone H4A3) was included at a concentration of 20 µL/mL, and GolgiPlug (brefeldin A) and GolgiStop (monensin) were included at 6 µg/mL. Samples were incubated for 12 hours at 37°C in 5% CO 2 , then permeabilized using FIX & PERM reagents (Invitrogen) and stained intracellularly with anti-interferon-γ (anti-IFN-γ) (PE-Cy7 conjugate, clone B27; Invitrogen), and anti-tumor necrosis factor-α (anti-TNF-α) (Alexa700 conjugate, clone Mab11).
Immunohistochemistry
Immunohistochemical staining for LPS and Escherichia coli were performed as previously described [4] . Briefly, liver tissues were obtained at necropsy, fixed in 4% paraformaldehyde, and paraffin embedded. Immunohistochemistry was performed using a biotin-free polymer approach (Golden Bridge International, Inc) on 5-µm tissue sections mounted on glass slides.
The slides were dewaxed in xylenes and rehydrated through graded ethanols into double-distilled water. Antigen retrieval was performed using either 1X Diva (Biocare Medical) or 0.1 M Tris-HCl ( pH 8.6) antigen-retrieval buffer in a pressure cooker (Biocare Medical) set at 122°C for 30 seconds. Slides were stained with optimal conditions determined empirically on an IntelliPATH autostainer (Biocare Medical) that consisted of a blocking step using blocking buffer (Tris buffered saline [TBS] with 0.05% Tween-20 and 0.5% casein) for 10 minutes and an endogenous peroxidase block using 1.5% (v/v) H 2 O 2 in TBS ( pH 7.4) for 10 minutes. Slides were incubated with primary antibodies mouse monoclonal anti-LPS-core (clone WN1 222-5; 0.4 µg/mL; Hycult) or rabbit polyclonal anti-E. coli (Cat. # B0357; 1:5000; Dako) for 60 minutes. Tissue sections were washed, and incubated with either the Rabbit Polink-1 or Mouse Polink-2 staining systems (Golden Bridge International, Inc) for 30 minutes at room temperature for each step. Sections were developed with Impact 3,3′-diaminobenzidine (Vector Laboratories), counterstained with CAT hematoxylin (Biocare Medical) and mounted in Permount (Fisher Scientific). All stained slides were scanned at high magnification (400×) using the Aperio AT2 System (Leica Biosystems) yielding high-resolution data for the entire tissue section. These methods enumerate both live and dead as well as intracellular and extracellular bacteria/bacterial products.
Histopathology
High-magnification images from scanned liver stained by hematoxylin and eosin (H&E) stain or Masson's Trichrome stain from SIV-negative and SIV-infected animals were obtained with an Aperio Scanscope (Aperio, Vista, California) with the aim to evaluate lymphocyte infiltrates and collagen deposition as previously described [35] .
Statistical Analyses
Prism 6.0 software (GraphPad Software Inc, La Jolla, California) was used for all graphical and statistical analyses. Two-tailed Mann-Whitney U, Wilcoxon matched pairs, and Spearman's correlation tests were used where indicated, and a P value <.05 was considered statistically significant.
RESULTS
Hepatitis and Accumulation of Microbial Products in the Liver During Chronic SIV Infection
Even in the post-HAART era, comorbidities associated with HIV infection are common. Among the least understood are liver pathologies that occur even in the absence of coinfection with HCV and include tissue fibrosis, steatosis, and liver cancer [9] [10] [11] [12] [13] [14] . Indeed, even in a cohort of chronically SIV-infected rhesus macaques, we found significant hepatitis, lymphocyte infiltration, and collagen deposition in the liver (Table 1 ; Figure 1A and 1B). All of these pathologic findings are indicative of a higher degree of hepatitis associated with chronic SIV infection, but the underlying mechanisms are unclear.
Although multiple groups have now shown that bacteria and bacterial products translocate out of the disrupted gastrointestinal tract during chronic HIV and SIV infection [4, 5, 36] , it is less clear how such products are cleared from the blood. Because blood circulates and is filtered through the liver (hepatic portal system), we investigated whether bacterial products might be present in liver tissues during SIV infection via enteric bacterial translocation. In normal livers, E. coli and total LPS were detectable at only very low levels by quantitative immunohistochemistry ( Figure 1C ), but by comparison were increased 10-and 20-fold, respectively, in chronically SIVinfected macaques ( Figure 1D ). These data suggested that the large quantities of microbial products that translocate into the systemic circulation during HIV and SIV infection are filtered by and can accumulate in the liver and hepatic portal circulation.
Accumulation of Microbial Products in the SIV-infected Liver is Associated With Activation of CXCL16-producing mDCs
Persistent immune activation due to translocated microbial products in HIV and SIV infection is well documented, and most analyses have focused on activation of T cells. However, in this same cohort of naive and SIV-infected macaques, we found that frequencies of liver CD11c + myeloid dendritic cells were significantly elevated during infection (medians 0.32% and 1.1%, normal and SIV-infected, respectively) (Figure 2A and 2B). By comparison, no significant differences in pDC frequencies were observed (data not shown). Liver mDCs were also found to be the primary producers of CXCL16 ( Figure 2C ), a chemokine associated with lymphocyte homing to the liver [31, 32, 37] . In infected animals, the frequency of mDCs producing CXCL16 ex vivo was 3-fold greater than in naive animals, and mDCs specifically produced CXCL16 in response to in vitro stimulation with LPS ( Figure 2D ). Collectively, these data suggested that mDC activation and CXCL16 production might be directly associated with the accumulation of bacterial products in the liver, likely due in part to the high expression of Toll-like receptor 4, the LPS receptor, in macaque mDCs [38] . Indeed, both the total frequencies of mDCs and frequencies of CXCL16-producing mDCs strongly correlated with both LPS and E. coli in the liver ( Figure 3A and 3B), butdid not correlate with contemporaneous viral loads (data not shown).
CXCR6 + Hyperfunctional NK Cells Are Increased in Circulation During
SIV Infection
Previous research has indicated that CXCR6 is associated with lymphocyte trafficking to the liver [39] . Coupled with our observation that production of the CXCR6 ligand, CXCL16, increases in the liver during SIV infection, we next investigated whether CXCR6 + lymphocytes might be mobilized in infected animals.
On NK cells and CD8 + and CD4 + T cells, CXCR6 expression was generally very low in naive animals, representing only 0.26%, 0.16%, and 0.12% (medians) of the total cell populations, respectively ( Figure 4A ). However, expression of CXCR6 increased some 2-to 4-fold on lymphocyte populations in chronically infected animals, albeit only significantly on NK cells and CD4 + T cells. Together, these data suggested that in addition to enhanced production of CXCL16 in the liver during SIV infection, overall liver-homing of circulating lymphocytes may also increase. Figure 1) .
Liver NK Cells Demonstrate Increased Apoptosis in SIV-infected Macaques
NK cells in the liver, like in most tissues in macaques, are readily identifiable by high expression of NKG2A [40] and can be divided into subpopulations on the basis of CD56 and CD16 expression ( Figure 5A and 5B were found at only low frequencies in the liver. In SIV-infected macaques, the frequencies of bulk, CD56 + , and double-negative NK cells were reduced by approximately 50% ( Figure 5B ). Associated with this overall loss of NK cells in the livers of infected animals were increases in expression of the apoptosis marker, active-caspase-3 ( Figure 5C ), but a lack of compensatory proliferation, as no difference in intracellular Ki67 was observed (Figure 5D ). Together, these data could explain, at least partially, the Figure 3 . CXCL16-producing mDCs correlate with accumulation of microbial products in the liver. A, Correlations of liver LPS and E. coli (as in Figure 1 ) with frequencies of hepatic mDCs. B, Correlations of liver LPS and E. coli (as in Figure 1 ) with frequencies of ex vivo CXCL16 + hepatic mDCs. All correlations were determined by nonparametric Spearman test for 8 animals (naive or chronically SIV-infected). Abbreviations: LPS, lipopolysaccharide; mDCs, myeloid dendritic cells; SIV, simian immunodeficiency virus. To further corroborate the finding that CD16 + cytotoxic NK cells are maintained in the liver during SIV infection, we next directly investigated the functionality of liver NK cells. Intracellular perforin expression measured in NK cells ex vivo was 2-fold higher in samples from infected compared to naive animals ( Figure 6A ). Similarly, there was a 2-fold increase in CD107a mobilization following mitogen stimulation, but little change in production of IFN-γ or TNF-α ( Figure 6B ). These findings are well in line with overall increased cytotoxicity of NK cells during SIV infection [40] and also are in agreement with the finding that CXCR6 + liver-homing NK cells are more cytotoxic ( Figure 4B ). However, due to the fact that NK cells can also become dysfunctional in chronic infection, the overall impact of hypercytotoxicity could be somewhat overestimated by these surrogate markers [21, 41] .
Microbial Accumulation in the Liver Is Associated With Liver Damage
Liver damage is common in HIV disease, and generally includes cirrhosis, collagen deposition, and nonalcoholic fatty liver disease, among other pathologies. Changes in serum liver enzymes are often used as surrogate clinical indicators to measure damage. Hence, we evaluated changes in serum liver enzymes in naive and SIV-infected macaques to evaluate whether microbial accumulation and immune activation might also be associated with liver damage. In naive animals, aspartate aminotransferase levels were between 23 and 31 U/L (median 29 U/L), but were significantly increased to between 35 and 56 U/L (median 47 U/L) in SIV-infected animals (P = .049, Mann-Whitney U test). In naive animals, alkaline phosphatase levels were between 119 and 250 U/L (median 134 U/L), but increased to between 123 and 479 U/L (median 341 U/L) in chronically SIV-infected animals, albeit not significantly (P = .23, Mann-Whitney U test). Interestingly, while neither viral load nor duration of infection correlated with these indicators of liver damage (data not shown), E. coli, LPS, mDC, and CD16 + NK cell frequencies all correlated (Supplementary Figure 2) . Collectively, these data indicate that accumulation of microbial products in the liver and the associated mDC activation and NK cell recruitment are a likely source of SIV-induced liver damage.
DISCUSSION
Microbial translocation in addition to the virus itself is now considered a cause of inflammation and ongoing disease in HIV, even in the context of HAART. Furthermore, a common pathology in advanced HIV infection is liver disease, including hepatocellular carcinoma, hepatitis, and steatosis, among others [12] [13] [14] [15] [16] [17] [18] . Although the underlying mechanisms are not entirely clear, we present here new evidence that accumulation of microbial products in the liver activates local innate immune cascades that can result in liver damage.
Even under homeostatic conditions the liver is constantly exposed to pathogen-associated molecular patterns, including LPS and bacterial DNA, through bacterial translocation via the portal vein system connecting it to the intestine [42] . Normal degradation and clearance limit activation and inflammation, but overt signaling activates inflammasomes and has been previously associated with incidence of liver fibrosis [43] [44] [45] . Even in the absence of HIV or HCV, microbial translocation to the liver is a predictor of poor prognosis of cirrhosis [19] . Similar to studies of SIV-induced disease [8] , probiotics have been shown to be useful at treating cirrhosis and fatty liver disease [46] .
Typically, most NK cell research focuses on cells in circulation, but we and others have demonstrated broad activation of NK cells by HIV and SIV, most notably in the mucosa. Similarly, we show here that liver NK cells become hypercytotoxic and recruited to the liver, but that this NK cell activity is highly related to mDC activation by microbial products. Increases in NK cell cytotoxicity are common in both HIV and SIV infections, but most studies focus on how NK cells can lyse infected cells [21, 23, 47] . However, the data we present here suggest NK cell cytotoxicity could also damage otherwise healthy tissue. Although most evidence indicates NK cell activation is driven by ongoing virus replication, including decreases in activation during HAART [48] [49] [50] , these data agree with previous observations that it is primarily indirect.
In summary, these data suggest a complex mechanism by which microbial products accumulate in the liver, resulting in mDC production of CXCL16 that in turn recruits hypercytotoxic NK cells to the liver. Although the net effects include inflammation and liver damage, the full spectrum of pathologies remain to be elucidated. Regardless, these data make it tempting to speculate that, in addition to combination antiretroviral therapy, therapies aimed at restoring gastrointestinal function and alleviation of microbial translocation could help to control chronic liver complications found in HIV disease.
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Supplementary materials are available at http://jid.oxfordjournals.org. Consisting of data provided by the author to benefit the reader, the posted materials are not copyedited and are the sole responsibility of the author, so questions or comments should be addressed to the author. Figure 6 . Functional repertoire of hepatic NK cells in naive and SIV-infected macaques. A, Intracellular perforin expression in total NK cells ex vivo from animals in Figure 5 . B, Expression of degranulation marker, CD107a, and IFN-γ and TNF-α following mitogen stimulation. Error bars represent medians ± IQR, and asterisks indicate significant differences by Mann-Whitney U test (*P < .05). Only significant values are shown. Abbreviations: IFN, interferon; IQR, interquartile range; NK, natural killer; SIV, simian immunodeficiency virus; TNF, tumor necrosis factor.
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